Abstract This study is a contribution to a model intercomparison experiment initiated during a workshop at the 2013 IAHS conference in Göteborg, Sweden. We present discharge simulations with the conceptual precipitation-runoff model COSERO in 11 basins located under different climates in Europe, Africa and Australia. All of the basins exhibit some form of non-stationary conditions, due, for example, to warming, droughts or land-cover change. The evaluation of the daily discharge simulations focuses on the overall model performance and its decomposition into three components measuring temporal dynamics, mean flow volume and distribution of flows. Calibration performance is similarly high as in previous COSERO applications. However, when looking at evaluation periods independent of the calibration, the model performance drops considerably, mainly due to severely biased discharge simulations in semi-arid basins with strong non-stationarity in rainfall. Simulations are more robust in European basins with humid climates. This highlights the fact that hydrological models frequently fail when simulations are required outside of calibration conditions in basins with non-stationary conditions. As a consequence, calibration periods should be sufficiently long to include both wet and dry periods, which should yield more robust predictions.
INTRODUCTION
Precipitation-runoff models-also known as hydrological models-are widely used in hydrological science and water resources engineering. Early applications in the 1940s and 1950s included water balance modelling (e.g. Thornthwaite and Mather 1955) , and since then there have been many examples where hydrological models provided accurate estimates of runoff, relative changes in soil moisture, evapotranspiration, etc. (Gleick 1987) . However, hydrological models may fail to provide robust simulations if they are applied outside of calibration conditions (Seibert 2003 , Andréassian et al. 2009 ), or if no observation data are available for calibration, as is the case for prediction in ungauged basins (Hrachowitz et al. 2013) . In recent years there is also increased awareness about the challenge of hydrological prediction in basins experiencing nonstationarity due to climate change and/or land-use change (Milly et al. 2008) .
Even though the same models are used in science and engineering, the focus of the application is quite different. For the scientific community hydrological models typically are an avenue for hypothesis testing (e.g. to learn more about the hydrological processes in a basin), whereas for the engineering community hydrological models are mere tools that are used within the context of water resources projects (e.g. to provide best estimates of water resources).
There has been lively debate in the scientific community about which model concepts and calibration approaches to use. The discussion included (but was not limited to):
• Physically based vs conceptual process representation (e.g. Butts et al. 2004 , Georgakakos et al. 2004 ).
• Detail of spatial discretization, i.e. distributed vs lumped catchment representation (e.g. Beven 2001 , Boyle et al. 2001 , Ajami et al. 2004 , Andréassian et al. 2004 , Smith et al. 2004 ).
• Impact of spatial and temporal discretization on the calibration process (e.g. Kavetski et al. 2006 , Gallagher and Doherty 2007 , Littlewood and Croke 2008 , Kling and Gupta 2009 ).
• Manual vs automatic parameter calibration (e.g. Bergström et al. 2002, Seibert and McDonnell 2002) .
• Choice of objective function to measure model performance, i.e. agreement between simulations and available observations (e.g. Yapo et al. 1998 .
While this discussion has deepened the understanding of the intricacies of precipitation-runoff modelling, it contributed little to engineering applications, where the modelling is often limited by constraints regarding availability of input data, budget and time. Furthermore, our personal experience is that the specific demands for each engineering project require the adaptation of available models to the peculiarities of the catchment, the data constraints, and the simulation objective. For example, if the objective is to use discharge simulations for subsequent long-term hydropower assessments, then unbiased simulations are required for long-term mean discharge, whereas floods are of less importance. On the contrary, in operational flood forecasting systems the objective is the accurate prediction of flood peaks and timing. This affects the choice of model concept (e.g. routing method) and the choice of calibration objective.
One precipitation-runoff model that has been applied frequently in research studies as well as engineering projects is the COSERO model (see references in Table 1 ). The main reason for choosing COSERO was that the modellers had considerable previous experience with it, thereby facilitating (a) adaptation of the model to different data constraints and (b) linking of COSERO to other models (e.g. reservoir simulation models). As the model concept of COSERO is quite similar to other wellknown precipitation-runoff models, we do not expect COSERO to perform significantly better or worse than other models. However, a model intercomparison with other widely-used and tested models using the same basins and datasets has not until now been sufficiently analysed. Therefore, the objective of this paper is to present the results with COSERO in the model-intercomparison study "Testing simulation and forecasting models in non-stationary conditions" initiated by IAHS (Thirel et al. 2015) .
The paper is structured as follows: The Methods section gives a description of the COSERO model, the study basins and the experiment set-up. Results are presented as performance statistics for two experiment levels, as well as an intercomparison with one other precipitation-runoff model. After a discussion of the results the paper closes with a summary and conclusions.
Because of the design of the model-intercomparison study, there are some limitations to overcome in real applications:
• the basins are not well known to the modeller (apart from one or two sentences of basin description in the metadata set of the experiment); • the focus on multiple basins (on different continents) reduces the available time for detailed analysis in each basin, as compared to studies focusing solely on one basin; and Only the country where the majority of the basin is located is given.
Data for Ybbs River basin, which has median NSE performance of 140 Austrian basins studied.
Data for Glan River basin, which is a selected representative example of 49 Austrian basins studied.
No reliable input data in winter, evaluation only from May to October.
Regional calibration, no local adjustment of parameters in individual basin.
Technical report for client, not available for general public.
(g)
Unpublished research study, see Heidbüchel et al. (2012) for basin description.
• the model is applied without testing alternative model structures and calibration parameters.
The last point above, in particular, may considerably limit the achievable model performance. If the peculiarities of a basin are not well-known to the modeller, then there is the risk that sensitive parameters are left out of the calibration process.
METHODS
This section describes the hydrological model, the study basins, the applied model structure for the different basins, and the experiment set-up (calibration and evaluation procedure).
The COSERO model
This study uses the COntinous SEmi-distributed RunOff model (COSERO), which was developed at the University of Natural Resources and Life Sciences, Vienna (Austria) in the early 1990s, originally for the simulation of discharge of the alpine Enns River in Austria (Nachtnebel et al. 1993) . Several Austrian climate change impact studies made use of the COSERO model (e.g. Nachtnebel and Fuchs 2004 , Stanzel and Nachtnebel 2010 , Kling et al. 2012 . In the last decade the COSERO model was also implemented as the hydrological core in operational discharge forecasting systems for the Austrian rivers Traisen, Salzach, Ybbs, Enns and Mur (see e.g. Stanzel et al. 2008) . In addition to Austrian basins, previous applications of the COSERO model also included research and engineering studies in other European countries, the USA, Africa and South-East Asia (see examples in Table 1 ). The climate varied from humid (e.g. annual rainfall above 7000 mm/year in Papua New Guinea) to semi-arid (e.g. 500 mm/year in Turkey). As a consequence, the runoff ratio-i.e. the ratio between long-term mean annual runoff and precipitation-varied from 81% in the wet basins to below 10% in the dry basins. As the examples in Table 1 show, the model performance for discharge simulation in the calibration period usually yielded sufficient results, in both wet and dry basins.
The model structure of COSERO is similar to the well-known HBV model (Bergström 1995) , which belongs to the group of conceptual (as opposed to physically-based) precipitation-runoff models. Inputs to the COSERO model are precipitation, temperature and potential evapotranspiration.
The model determines rainfall and snowfall from precipitation and temperature data. Snowmelt is simulated with a temperature-index approach. Actual evapotranspiration is a function of potential evapotranspiration and soil moisture. Further components of actual evapotranspiration are interception losses and sublimation of snow. Runoff generation due to rainfall and meltwater is a nonlinear function of soil moisture, using the identical model equation as in the HBV model. The generated runoff is split into three components representing surface flow, interflow and baseflow by means of linear reservoirs. Alternatively, instead of three components only two components may be used, representing a fast component and baseflow. Three runoff components are usually used for short (e.g. daily) time steps in alpine basins, whereas two components are usually used for monthly time steps and/or in lowland basins.
The COSERO model can use variable lengths of time steps, ranging from monthly to hourly or shorter (see application examples in Table 1 ). In the case of monthly time steps, intra-monthly variability is considered for the simulation of interception, snow processes and soil moisture accounting (see Kling 2006 for more information). Figure 1 shows the model structure of COSERO; the basic model equations are given in the Appendix. A detailed snow module is available in COSERO, including e.g. log-normal distribution of snow-depth, cold-content of snow-pack, water holding capacity of snow-pack, refreezing of retained melt-water, settlement of snow-pack, etc. However, the detailed snow modelling is of course only important in high alpine, snow dominated basins. Therefore, for the sake of brevity the lengthy model equations of the snow module are excluded from the Appendix.
In most previous applications of COSERO a semi-distributed spatial discretization with hydrological response units (HRUs) was used. The HRUs may be delineated according to elevation bands, vegetation maps, soil maps, regular raster, etc. If only one HRU is used then this corresponds to a lumped modelling of the catchment. Several upstream and downstream sub-catchments (each consisting of its own set of HRUs) can be linked in COSERO to simulate discharge in larger river basins with multiple tributaries.
For the current study the COSERO model is applied with a lumped spatial discretization in most basins, i.e. these basins are simulated with solely one HRU and one single sub-basin. As temporal discretization daily time-steps are used. Since there is no snow in several of the catchments, the model structure differs between catchments (see below). Furthermore, discharge routing with a simple lagmethod for temporal shifting of the hydrograph is considered in only some of the catchments.
Study basins and applied model structure The study basins are described in detail by Thirel et al. (2015) . Our simulations focused on 11 basins, which were grouped into two categories:
• European basins in humid climates: Allier (France), Durance (France), Garonne (France), Rimbaud (France), Kamp (Austria), Obyan (Sweden).
• African and Australian basins in semi-arid climates: Bani (West Africa), Axe (Australia), Flinders (Australia), Gilbert (Australia), Wimmera (Australia) Table 2 lists the main characteristics of the basins. The size varies between 1.4 km 2 (Rimbaud River) and 103 391 km 2 (Bani River). The sources for the daily input data time-series of precipitation, air temperature and potential evapotranspiration as well as the discharge measurements are given in Thirel et al. (2015) . The climate ranges from humid to semi-arid, with runoff-ratios of about 50% in the European basins but only about 10% in the African and Australian basins. This means that the runoff-ratios cover a similar range as in previous COSERO applications (compare to Table 1 ).
All of the 11 study basins were specifically selected for the experiment because they exhibit some form of non-stationarity, including warming, changes in precipitation patterns, and land-cover change (Table 2 , for a full description see Thirel et al. 2015) . Therefore, it can be expected that the basins are difficult to model.
Even though the same model code was applied in all 11 basins, the parameterization of the model emphasized or shut-off different model components.
Snow processes are only simulated in the European basins. For the Allier, Durance and Garonne basins -which are located in hilly or alpine regions -five elevation bands (with equal area share) are considered to account for temperature variability within the basin, which is important for snow modelling. The temperature in each elevation band is Only country where the majority of the basin is located is given.
Performance of the COSERO modelcomputed from the basin average temperature by assuming a vertical temperature gradient of -.0065°C/m. All other basins are simulated lumped. For the sake of simplicity, snow parameters are not calibrated, even though slightly higher performance would probably be achieved with calibrated snow parameters.
In the Allier basin the Naussac dam was constructed in 1982, which is also apparent in the observed hydrograph. Therefore, a reservoir component is inserted in the model to consider the reservoir operation since 1982, with a minimum release of 6 m 3 /s during low-flow periods and refilling of the reservoir in high-flow periods.
The European basins use the standard model structure of COSERO consisting of surface flow, interflow and baseflow components. In the African and Australian basins the alternative model structure is used, only consisting of a fast runoff component and baseflow (i.e. no separate distinction between surface flow and interflow). Routing is only considered in the African and Australian basins.
Experiment set-up
The experiment set-up is described in detail by Thirel et al. 2015) . We focused on the Level 1 and Level 2 experiments:
• Level 1: Calibration on the complete period, evaluation in five sub-periods.
• Level 2: Separate calibration in each of the five sub-periods, evaluation in the remaining four sub-periods (not used for calibration).
Level 1 yields one parameter-set for each basin, whereas Level 2 yields five parameter-sets for each basin.
The complete period and sub-periods (P1 to P5) were pre-defined in the experiment set-up (Thirel et al. 2015) . The longest complete period was defined for the Durance River , whereas the shortest sub-periods were defined for the Gilbert River (3 years each sub-period). A typical length of the sub-periods was about 7 years in most basins.
As the applied model structure of COSERO differs between the European basins on the one hand and the African and Australian basins on the other, different sets of calibration parameters had to be defined (see parameter description in Table A1 Thus, eight parameters were selected for calibration in the European basins and seven for calibration in the African and Australian basins. Parameters were calibrated with the shuffled complex evolution algorithm (Duan et al. 1992) , using a slightly modified version of the KGE statistic ) as objective function. Equation (1) gives the modified version of KGE (Kling et al. 2012) .
where KGE′ is the modified KGE statistic (-), r is the correlation coefficient between simulated and observed discharge (-), β is the bias ratio (-), γ is the variability ratio (-), μ is the mean discharge (m 3 /s), CV is the coefficient of variation of discharge (-), σ is the standard deviation of discharge (m 3 /s), and the subscripts s and o represent simulated and observed discharge values, respectively.
The KGE′ statistic and its three sub-components (r, β and γ) were also used to analyse the results of the experiment. In addition, the well-known NashSutcliffe efficiency criterion (NSE, Nash and Sutcliffe 1970) was computed. For a critical discussion of these measures of model performance see Gupta et al. (2009) . Table 2 lists the performance statistics for the calibration period of the Level 1 experiment (i.e. calibration on complete period). For the European basins as well as the African basin (Bani River) the overall model performance-as measured by KGE′ and NSE-is similar as in previous COSERO applications (compare to Table 1 ). However, in general, the model performance in the Australian basins is lower. The sub-components of the model performance show that this is due to lower correlation (r), whereas the bias ratio (β) and variability ratio (γ) are close to the optimum. A lower correlation means that the model has problems in accurately simulating the temporal dynamics of discharge.
RESULTS

Level 1 experiment
The main focus of the experiments is on the evaluation in the five sub-periods. The performance statistics were computed for each of the five periods separately. Figure 2 summarizes these results with boxplots for each basin, arranged from wet (left) to dry (right) according to the PET/P ratio (see Table 2 ). The boxplots show the minimum, maximum, lower quartile, upper quartile and median performance.
The performance in the evaluation sub-periods generally decreases from wet to dry basins. In all of the European basins the performance does not vary significantly between sub-periods (which is indicated by small boxplots in Fig. 2 ) and, in general, is high. This relates to the overall performance (KGE′) and its three components. This means that temporal dynamics are simulated well (high values of r), the simulations are unbiased (β close to 1.0) and variability is simulated reasonably well (γ close to 1.0) in all sub-periods.
More ambiguous results are obtained in the dry basins. In the Bani River basin in Africa the correlation is above 0.95 in all sub-periods and the variability ratio is close to the optimum. However, the bias becomes significant in some of the sub-periods, with values of ±20%.
Worse results are obtained in the Australian basins, especially for the Gilbert River. Here, the overall performance (KGE′) shows large variations between sub-periods, which is caused by variations in all three sub-components (i.e. r, β, γ). Figure 3 presents the results for the Level 2 experiment, with the calibration results (performance in the sub-period used for calibration) on the left and the evaluation results (performance in the remaining four sub-periods) on the right. More specifically, each boxplot for calibration is based on five values (i.e. five sub-periods) and each boxplot for evaluation is based on 20 values (i.e. 5 parameter sets × 4 independent sub-periods). As in Fig. 2 , the basins are arranged from wet (left) to dry (right).
Level 2 experiment
In general, the model performance in the calibration period is high (Fig. 3, left) , albeit with a tendency of higher performance in the European basins (wet) and lower performance in the Australian basins (dry). The best calibration performance is obtained in the Bani River basin. In all basins the overall performance (KGE′) is determined (Table 2) . Top: overall model performance (KGE′). Second row: correlation (r). Third row: bias ratio (β). Bottom: variability ratio (γ). Note that for Level 1 experiment each box plot is based on only five values.
solely by the correlation (r), as the bias ratio (β) and variability ratio (γ) are close to the optimum at unity after calibration.
In the independent evaluation periods, the model performance drops slightly in the European basins (Fig. 3, right) . This drop is markedly more significant in the dry African and Australian basins. The lower performance is mainly caused by poor bias ratios (β), but also the variability ratio (γ) and-apart from the Bani River-poor correlation (r) become important for the overall model performance (KGE′). Frequently, simulations are obtained with a bias of about ±50%. These are simulations where the model fails to yield robust results.
Model intercomparison
This section provides a brief comparison of the COSERO simulation results with another precipitation-runoff model, the conceptual MORDOR6 model, which is a simplified version of the original MORDOR model (Mathevet 2005) . Results of the performance evaluation of MORDOR6 for the same 11 basins with the same calibration protocol were provided by the model-intercomparison project (Thirel et al. 2015) . A difference is that MORDOR6 was calibrated on the NSE statistic (square root transformation was used for observed and simulated discharge values before computing NSE), whereas COSERO was calibrated on the KGE′ statistic. Furthermore, for MORDOR6 only six parameters were calibrated, whereas for COSERO seven and eight parameters were calibrated in the African/Australian and European basins, respectively. Figure 4 plots the difference between the KGE′ performance achieved by COSERO and MORDOR6 for the 11 basins and each possible combination of calibration and evaluation periods (complete period, as well as five sub-periods, yielding a 6 × 6 comparison matrix). The diagonal line from the lower left box to the upper right box represents the comparison in the calibration period, whereas all other boxes represent independent evaluation periods.
The difference in performance between COSERO and MORDOR6 is quite small for the European basins (top row in Fig. 4) , with a tendency of slightly higher performance by COSERO. For the African and Australian basins (bottom row in Fig. 4 ) ambiguous results are obtained. Performance of COSERO is higher for the Bani, Axe and Wimmera rivers, but lower for the Flinders River and especially the Gilbert River. Interestingly, COSERO yields poorer performance in most evaluation periods for the Gilbert River even though the performance in the calibration period (diagonal line) is always slightly higher than with the MORDOR6 model. Close examination of all 11 basins depicted in Fig. 4 shows that in the calibration period (diagonal line) the performance of COSERO is always higher than or equal to MORDOR6, but never lower. Here it has to be considered that COSERO was calibrated on KGE′ (i.e. the same performance statistic that the comparison in Fig. 4 is based on), whereas MORDOR6 was calibrated on NSE (with transformed discharge data). Figure 5 shows the same type of comparison as in Fig. 4 , but this time using the NSE statistic (computed with un-transformed discharge data) as measure of model performance. In the European basins the difference in model performance between COSERO and MORDOR6 is again quite small (top row in Fig. 5 ), but this time MORDOR6 shows slightly higher performance. For the Bani River in Africa the performance of COSERO is in general higher than that of MORDOR6. For the Axe and Wimmera rivers in Australia the performance of COSERO is higher than that of MORDOR6 in most evaluation periods. However, for the Gilbert and Flinders rivers, MORDOR6 shows higher performance than COSERO. When comparing solely the performance in calibration periods (diagonal line), COSERO and MORDOR6 are quite similar in all 11 basins.
DISCUSSION
As found in previous studies with other models (Coron et al. 2012 , Alfieri et al. 2013 ) the reliability of the COSERO simulations decreases from the humid European basins, to the semi-arid African and Australian basins. Similar conclusions apply to the reliability of the MORDOR6 model, which was used here for a model intercomparison.
The obtained performance of the two models is quite similar in the European basins. A ranking of the two models would depend on choice of performance measure, where a ranking based on the KGE′ statistic would favour the COSERO model and a ranking based on the NSE statistic would favour the MORDOR6 model. For the African basin (Bani River) and two Australian basins (Axe and Wimmera), COSERO simulations generally yield higher performance (regardless of whether using KGE′ or NSE), whereas, in the remaining two Australian basins (Gilbert and Flinders), MORDOR6 simulations yield higher performance. For the latter two basins, COSERO achieves similar performance to MORDOR6 only in the calibration period. This means that the drop in model performance when considering independent evaluation periods rather than calibration periods is more pronounced for the COSERO simulations than for the MORDOR6 simulations. This points at the possible problem of over-parameterization of COSERO, meaning that the information contained in the calibration data of sub-periods is not sufficient for robust parameter estimation.
The main purpose of the comparison between the COSERO and MORDOR6 models was not to determine which model is superior, but rather to analyse under which circumstances the model performance drops significantly. The results show that both models show very similar behaviour, with robust simulations in European basins. In contrast, neither model gives robust simulations in semi-arid Australian basins and it will be interesting to see the results of other models of the IAHS intercomparison project.
To better understand the differences in performance results between European, African and Australian basins, the remainder of this discussion focuses on the Durance River (France), the Bani River (Mali) and the Gilbert River (Australia). Each basin shows some peculiarities of non-stationarity (Fig. 6 ).
For the Durance River, the simulation period covers more than 100 years, with a significant warming trend (Fig. 6, top) . This warming trend mainly affects snow processes and thereby the seasonality in discharge. During winter, precipitation is stored in the snow layer and discharge only consists of baseflow (Fig. 7, top) . A warming climate causes shifts in snow processes, which results in increase in winter discharge and decrease during the summer period (see also Kling et al. 2012) . A second, but less significant impact is on increase in actual evapotranspiration (due to higher potential evapotranspiration and longer growing season after earlier snowmelt) and therefore the mean annual discharge decreases. However, the increase in temperature due to climate change (about +1.5°C in the last century in the Durance basin) is rather small compared to the seasonal variations of daily temperature in each year (hot summer days are about 30°C warmer than cold winter days). In the experiment all five sub-periods have similar variations in daily temperatures and therefore represent similar hydrological conditions. This ensures that the simulations are also robust in independent evaluation periods. Hence, long-term warming trends are deemed to pose no serious challenges for hydrological modelling in this basin.
Simulations in semi-arid regions with large variations in rainfall are more problematic. In the Bani River basin, mean annual rainfall decreased from 1200 to 900 mm/year between the 1960s and the 1980s (Fig. 6, middle) . This caused a sharp decline in discharge, with the result that mean observed discharge was six times larger (i.e. +500%) in the 1960s than in the 1980s. The runoff ratio was about 15% in the first two sub-periods (1960s), decreased to 7% in the third and fourth sub-periods (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) , and plummeted to an extremely low value of 3% in the fifth sub-period (1983) (1984) (1985) (1986) (1987) . This is a challenging situation for hydrological modelling, where the experiment setup includes calibration on extremely dry periods and evaluation in wet periods and vice versa. Here, the calibration and evaluation periods are not at all hydrologically similar.
Probably also of importance is the fact that in the large Bani River basin (103 941 km 2 ) there is only one single flood peak during each rainy season (see Fig. 7 , middle). This effectively means that the model is calibrated only on five independent events during the 5-year sub-periods. This is quite a small number for calibration, especially when all five years were unusually dry or unusually wet. Due to the high sensitivity of discharge to small variations in annual precipitation, a proper calibration of the model should ensure that both wet and dry years are included in the calibration period, for example as shown by Kling et al. (2014) for the Zambezi River basin in southern Africa. Therefore, the performance results for the Bani River are considerably worse in the Level 2 experiment than in the Level 1 experiment. For the Level 1 experiment the bias was about ±20% in the evaluation sub-periods, whereas the bias was about ±50% in the Level 2 experiment (compare Fig. 3 to Fig. 2) .
Similar considerations apply for the interpretation of the results in the semi-arid Gilbert River basin in Australia, with high inter-annual variability and intermittency of the flow regime. A difference to the Bani River is that flood events are rare in the Gilbert River, with a short and flashy response (Fig. 7, bottom) . Here, rainfall showed large variations between the five sub-periods (Fig. 6, bottom) , with each sub-period covering only three years. The mean observed discharge in the second sub-period was eight times larger (i.e. +700%) than in the first and fifth sub-periods. Actually, discharge was zero most of the time in the first and fifth sub-periods, whereas the second sub-period includes a flood peak 1904-1924 P2 1925-1945 P3 1946-1966 P4 1967-1987 P5 1988-2008 Mean 1961-1965 P2 1966-1970 P3 1973-1977 P4 1978-1982 P5 1983-1987 Mean discharge [m 1969-1971 P2 1973-1975 P3 1977-1979 P4 1981-1983 P5 1985-1987 Mean discharge [m of about 3000 m 3 /s. It is clear that any hydrological simulation will fail if the model is calibrated on extremely dry conditions and then applied on periods with extreme floods.
Thus, the three examples discussed here for the Durance, Bani and Gilbert rivers show that it can be quite problematic to apply a hydrological model outside of calibration conditions. This is actually wellknown to hydrologists (see e.g. Seibert 2003 ) and, therefore, calibration periods are usually chosen such that both dry and wet periods are included. However, in engineering applications in data-sparse, semi-arid regions the observation records may be quite short, which then poses a highly problematic situation for the application of hydrological models.
Apart from the length of observation record available for calibration, a critical step for reliability of simulations is the selection of parameters to include in the calibration. As the COSERO model includes a long list of parameters (19 in total, see Table A1 ), it is up to the modeller to select calibration parameters and to define parameter bounds. Typically, these decisions are based on previous experience in similar basins. As the COSERO model was applied here in Australian basins for the first time, previous experience was missing. Therefore, some parameter sensitivity tests were performed, but ideally an in-depth, global parameter sensitivity analysis would be required to learn more about the model behaviour in Australian basins. However, this would have been outside the scope of the current study, where a straightforward approach was required for automatic parameter calibration in multiple catchments. We believe that a modeller's thorough knowledge of the basin's peculiarities can significantly improve the reliability of the simulation results (see also the "Chicken Creek" experiment, Holländer et al. 2009 ). Therefore, it may be that the lower performance in Australian basins is also affected by the selection of calibration parameters and their boundaries during optimization. In the current study the COSERO model was applied without any modifications. In contrast, in previous COSERO applications, the modellers typically spent a considerable amount of time to learn about the peculiarities of the basin and-if required -adapted the model to these conditions. For example, for the semi-arid Australian basins it was observed that the model has problems in simulating flood peaks after prolonged dry periods. This may be a consequence of the daily computational time steps for soil moisture accounting and runoff generation. In COSERO, the runoff generation from daily rainfall is a function of soil moisture on the previous day (see model equations in the Appendix). If the soil moisture was dry on the previous day then no runoff is generated, even for high daily rainfall. The model code could be refined by applying a similar internal temporal discretization as is already used for monthly time step modelling in COSERO.
The lower performance in semi-arid basins may also be related to deficiencies in the model structure (Stanzel and Nachtnebel 2012) . This includes inaccurate representation of threshold processes that affect overland flow. Here, soil hydrophobicity also affects the complex rainfall-runoff processes in semi-arid regions (see e.g. Burch et al. 1989) . In general, daily time-step modelling is problematic if the underlying rainfall-runoff processes occur on shorter time scales (e.g. short, intense rainfall events).
In the interpretation of results it has to be considered that only non-stationarities in the climate data (precipitation, air temperature, potential evapotranspiration) are considered in the modelling exercise. Other sources of non-stationarity-such as landcover change-are ignored. However, land-cover change actually occurred in several of the 11 basins studied (e.g. Bani River, see complete basin description in Thirel et al. 2015) , which had an impact on runoff that is not modelled.
As a closing remark, one should be aware that every model will be falsified if it is investigated in sufficient detail (Beven 2002, Refsgaard and Henriksen 2004) . Therefore, the pragmatic statement of Dooge (1972) -"Models are to be used, not to be believed in!"-is often a guiding principle in engineering applications. Hopefully, this experiment can highlight that hydrological simulations frequently fail if applied under extreme situations, which are encountered if the calibration period is short and the model is applied outside of calibration conditions due to strong non-stationarity in the basin.
SUMMARY AND CONCLUSIONS
This study is a contribution to a model-intercomparison study initiated by the IAHS (Thirel et al. 2015) . The experiment consists of applying different hydrological models under non-stationary conditions in basins with different climates. The calibration and evaluation of the discharge simulations are performed in several sub-periods.
In this contribution the results with the COSERO model are presented for 11 basins. The performance in the calibration period is high in most basins; these include humid basins in Europe (with important snow processes in some of the basins), as well as a semiarid basin in Africa. The calibration performance obtained in the current study is similar to previous applications of COSERO, even though in the current study a straightforward automatic calibration protocol was followed. Such an approach has the drawback that the modeller does not learn about and adapt the model to the peculiarities of the individual basins.
The calibration performance in Australian basins was in general lower than in the other basins, which may be related to:
• lower predictability of the semi-arid Australian basins, with high intermittency in streamflow; • insufficient model structure of COSERO, especially for threshold processes during rainfall events; and • modeller's selection of calibration parameters and definition of parameter bounds. As the COSERO model was applied for the first time in Australian basins, previous experience was missing to guide the model calibration.
The main focus of the analysis was on evaluation in five independent sub-periods, with the following main conclusions:
• Some of the basins-especially the semi-arid African and Australian basins-show extreme changes (e.g. +500%) in discharge between the sub-periods, which is related to variations in precipitation. Furthermore, some sub-periods are quite short (e.g. 3 years), which poses a serious challenge for any hydrological modelling.
• Hydrological simulations frequently fail to yield robust results if the calibration period differs starkly from the evaluation period. For example, calibration on an extremely dry period will yield highly biased simulations in extremely wet periods, or vice versa. Therefore, a proper model calibration should always include both wet and dry periods, especially for model applications in semi-arid regions.
• The drop in performance in evaluation periods independent of the calibration is mainly related to large biases in mean discharge (bias ratio), but poor simulation of the distribution of flow (variability ratio) can also become important. The simulated temporal dynamics (correlation) are less problematic. As the bias ratio and variability ratio represent the first two moments of the flowduration curve, this has important implications for the achievable accuracy of water resources predictions in basins with non-stationary conditions. • In the European basins with humid climates, the different sub-periods exhibit rather similar hydrological conditions. Therefore, simulations are robust also in basins with a warming trend in temperature, because the intra-annual variability of temperature is much higher than the long-term warming trend. As a consequence, the model is not applied outside calibration conditions in independent sub-periods.
• The comparison with the MORDOR6 model showed that, in general, both models yield rather similar results, especially in the humid European basins. The COSERO simulations are more robust in the semi-arid African basin (Bani River), whereas in two of the four Australian basins the MORDOR6 model yields a higher performance.
Overall, this study showed that in basins with nonstationary conditions a high calibration performance does not guarantee sufficient performance in separate, independent evaluation periods. This is especially problematic in semi-arid basins, whereas simulations were more robust in the humid basins. As intended in the experiment design, the frequent failures of the hydrological model represented a true "crash test" under extreme conditions. 
APPENDIX
The equations, parameters and variables of the COSERO model are given for application at daily or shorter time steps. The code of the COSERO model is also applicable for monthly time steps, but here internal disaggregation and discretization schemes come into effect (see Kling 2006) . The parameters of the model are listed in Table A1 and the variables in Table A2 , with Δt in hours. Variables use the index t to identify the time step. The model uses hydrological response units (HRUs) to spatially discretize a basin into homogenous, computational units. To improve readability, the index for identifying HRUs is omitted for all parameters and variables.
Snowfall module
if T t ! RAINTRT :
if SNOWTRT < T t < RAINTRT :
Snow module
For snow modelling a basic version and a detailed version are available. The detailed version of the snow module includes the following concepts:
• log-normal distribution of snowfall into several classes to account for variability of snowdepth; • melt of snow by rain;
• water holding capacity of snowpack;
• cold content of snowpack;
• refreezing of retained melt water;
• simulation of snow depth and settlement of the snow pack (snow density); • reduction of the melt factor after snowfall;
• immediate melt of snowfall on bare, warm soil;
• fraction of area that is always free of snow due to steep slopes; and • consideration of vertical transport of snow due to avalanches and wind.
The equations for the basic version of the snow module are given below (the equation for CTA is valid for the Northern Hemisphere): 
Soil module if SM tÀ1 < SM crit : In addition, there is an option to consider slow outflow from the soil reservoir with a linear reservoir equation.
Surface flow module
The following differential equation describes the storage S1 in the surface flow module (x is the time within the computational time step, whereas t is the index for the modelling time step). The actual model code uses the analytical solution of the differential equation (and accounts for change in system properties if the outlet at H1 falls dry).
As an option, instead of the linear reservoir equation, a nonlinear reservoir equation can be used.
Interflow module
The following differential equation describes the storage S2 in the interflow module (x is the time within the computational time step, whereas t is the index for the modelling time step). The actual model code uses the analytical solution of the differential equation (and accounts for change in system properties if the outlet at H2 falls dry).
There is an option to simulate the surface flow and interflow reservoirs as a coupled system with limited storage capacities, i.e. if the interflow reservoir is full then there is no percolation from the surface flow reservoir. Similarly, if the surface flow reservoir is full, then all additional inputs immediately generate surface flow. A further option is to reduce percolation to the baseflow reservoir if the soil is frozen.
Fast runoff component module
Instead of simulation of surface flow and interflow with the linear reservoir equations given above, the model alternatively can use a constant fraction to separate a fast runoff component.
Baseflow module
The following differential equation describes the storage S3 in the baseflow module (x is the time within the computational time step, whereas t is the index for the modelling time step). The actual model code uses the analytical solution of the differential equation. 
Routing Different options are available for downstream routing of QSIM, including:
• linear reservoir;
• Kalinin-Miljukov; and • lag-routing (constant time shift with parameter KL).
